Abstract
Sheliga et al., 1999). 89
The vestibulo-collic reflex (VCR), by stabilizing the head in space, further 90 facilitates clear vision during locomotion. In contrast to the VOR, there is much lessinformation about the contribution of the cerebellum to the control of the VCR. The 92 sacculus provides input to the VCR, as inferred from studies demonstrating the 93 evocation of motor responses in the neck by auditory stimulation (termed cervical 94 vestibular evoked myogenic potentials (cVEMPs) (Colebatch, et al., 1994; 95 Sheykholeslami, et al., 2000) . We hypothesized that lesions that diminish inhibition 96 through vestibulo-cerebellar projections to the vestibular nucleus would increase the 97 gain of the VCR. cVEMPs are a clinically feasible way to infer the function of the VCR 98 and have been used to characterize both peripheral (labyrinthine) and central (mid to 99 lower pontine) vestibular lesions (Welgampola and Colebatch, 2005) . Therefore it might 100 be expected that individuals with vestibulo-cerebellar cortical dysfunction would have an 101 abnormal gain (amplitude) of the VCR as reflected by increased amplitude of the 102
cVEMP. 103
To learn more about the contribution of the cerebellum to the control of 104 vestibular reflexes in humans we examined a group of individuals with 105 ataxiatelangiectasia (A-T), an autosomal recessive disorder caused by mutation of the 106 ATM gene (Savitsky et al., 1995) . Persons with A-T develop diffuse cerebellar cortical 107 degeneration with relative preservation of deep cerebellar nuclei (Firat, et al., 2005 ; 108 
Methods

118
We studied in total 13 subjects with A-T and 11 healthy controls. The 119 experimental protocols were approved by ethics committees at Zürich University 120
Hospital and The Johns Hopkins University. Subjects gave informed consent before the 121 experiment. 122 were generally older (median 26 years, range 23 to 52) and express a slower rate of 131 degeneration but are similarly impaired to the younger more typical subjects with A-T 132 who were evaluated at Johns Hopkins (median 19 years, range 12 -28). This 133 difference is explained by inherent biases of subject volunteer recruitment through the 134 A-T Society in the United Kingdom. The five Zurich subjects included four with 135 homozygous or heterozygous "leaky" splice-site mutations of the ATM gene (Sutton et 136 al., 2004; McConville et al., 1996) that are associated with a slower rate of degeneration 137 but overall similar phenotype. All subjects with A-T had typical signs that are found with 138 vestibulo-cerebellar lesions (table 1) .
Patient characteristics
Vestibular stimuli and eye movement recordings
140
The five Zurich subjects were studied in a completely dark room in a three-141 dimensional vestibular turn table (Acutronic, Jona, Switzerland) that delivered three 142 types of vestibular stimuli: 143 1) Yaw rotations: Earth vertical-axis rotations when the patient was oriented 144 upright (see head caricatures in Figure 1A,D) . There was no significant difference in VOR gain and time constant measured in 164 the two experimental setups (t-test; p > 0.1), therefore, the results were combined for 165 further analysis. In all subjects, horizontal VOR was measured during three horizontal 166 rotation trials in each of the two directions. Thus 66 trials were used to compute 167 horizontal VOR gain in healthy subjects and 76 trials in subjects with A-T. For the 168
Zurich studies of torsion and vertical VOR gain, two rotation trials in each direction, a 169 total of four rotation trials per subject, were used for further analysis. Thus 44 rotation 170 trials were used in healthy subjects, and 52 in A-T. 171
Eye movement data analysis
172
The eye position data was further processed with interactive programs written in 173 Savitzky-Golay filter (Matlab, Mathworks, Natick, MA) of signal processing noise. We 176 then derived the median value of the eye velocity during the slow phase of the given 177 nystagmus (Straumann, 1991) . The maximum VOR was calculated from the highest 178 value two seconds after the onset of motion (prior to this time slow phases are generally 179 not detected with the eye remaining at the orbital limit) and decay time constant 180 computed from the successive slow phases following the onset of velocity decline. The 181 slow-phase eye velocity data was first smoothed with a Savitzky-Golay filter (Matlab 
(3) 222
Here p13 is the amplitude of the positivity and n23 is the negativity in the neck 223
EMG during cVEMP. 224
The asymmetry ratio of the cVEMP responses was computed with equation (4). constant=12.6 sec; Figure 1D ). During supine rotations the peak torsional slow-phase 246 velocity was 54º/second (gain = 0.54; time constant=7.3 sec; Figure 1E ). Similarly, the 247 peak slow-phase velocity of the vertical nystagmus evoked by LED rotations was 248 56º/second (gain = 0.56; time constant=5.8 sec; Figure 1F ). Thus, in this A-T subject, 249 the VOR gains were increased during rotation about each of the three axes. Data from 250 13 A-T and 11 healthy subjects are summarized in Figure 2 and Table 2 between the median is statistically significant (One-way ANOVA p < 0.05). The 257 increase in the VOR gains in the subjects with A-T were statistically significant (One-258 way ANOVA, p<0.01), however, the VOR time constants were not significantly different 259 from healthy subjects (One-way ANOVA, p>0.05). 260
Directional abnormalities in VOR 261
We measured two parameters to assess how well the eye velocity axis aligns 262 with that of the head. First we compared the gains of main-axis and cross-axes 263 components of the VOR. For instance, during yaw rotations in the healthy subject the 264 horizontal eye component gain was 0.56; while the cross-axis, torsional and vertical 265 component gains were 0.10 and 0.06 respectively. The same pattern was observed in 266 all healthy subjects, as illustrated in Table 2 . In contrast, in a representative example of 267 a subject with A-T during yaw rotation, the horizontal eye component gain was 0.91; 268 while enhanced, cross-axis, torsional and vertical component gains were 0.61 and 0.18, 269
respectively. This finding was found in all A-T subjects (Table 2 ) and the difference 270 between A-T and normal statistically significant (One-way ANOVA, p<0.01). 271
In healthy subjects, during supine and LED rotations the main-axis components 272 of the VOR gains were 0.31 and 0.40 respectively. In contrast, the VOR gains of the 273 cross axis components during these conditions were 0.10, 0.09 (horizontal and verticalcomponents, respectively, during supine rotations), and 0.11, and 0.15 (horizontal and 275 torsional components, respectively, during LED rotations). All healthy subjects showed 276 this pattern (Table 2) . Although the overall VOR gains were increased in subjects with 277 A-T, this relationship of VOR cross coupling error was similar to that seen in the healthy 278 controls. The cross-axis VOR during LED and supine rotation was relatively less than 279 that measured during yaw axis rotation (Table 2) . 280
We then compared the angular orientation of the VOR axes during each slow 281 phase of post-or per-rotational nystagmus with the angular orientation of the 282 corresponding head rotation axis. The cVEMP responses were measured in 10 of the13 subjects with A-T. Two of 304 these 10 subjects with A-T studied had absent responses (as is sometimes the case in 305 normal subjects). Hence, further data analysis of cVEMP responses was performed in 306 eight subjects with A-T. Figure 4 illustrates an example of click-induced, cVEMP in one 307 subject with A-T. The response began with a positive (p13) peak at 11.6 ms, and 308 subsequent negative peak at 16.8 ms (n23). Correction of cVEMP amplitude at 100 dB 309 NHL amplitude in this example was 2.6. Mean corrected amplitude from the 16 ears 310 (eight subjects with A-T) at 100 dB NHL sound level was 2.9 ± 1.2, a value significantly 311 larger than that of controls, 1.2 ± 0.4 (one-way ANOVA, p<0.01), measured using the 312 same technique ( Figure 4E ). All other measures of cVEMP were normal, including p13 313 initial latency (11.5 ± 0.7 ms on the right, left 12 ± 0.9 ms) n23 initial latency (18.5 ± 1.5 314 ms on the right, left 18.6 ± 1.8 ms), p13 peak latency (10.1 -15.9 ms) and n23 peak 315 latency (16.1 -27.9 ms), asymmetry ratios (0.5 to 30%), and thresholds (79.7 ± 5.6 dB 316 NHL)( Figure 4F the axis of head rotation during LED and supine rotations in our healthy subjects 357 supports our speculation that the output of velocity storage has a role in determining the 358 axis of compensatory eye rotation evoked by pure semicircular canal stimulation. It is 359 further speculated that in individuals with A-T mis-calibrated output of the velocity-360 storage mechanism contributes to the VOR cross-coupling, even during yaw rotations. 361
An upward slow-phase of the cross-coupled response during yaw rotations is a 362 consistent observation in individuals with A-T, including those in our experimental 363 cohort. All but one of these subjects also had downbeat nystagmus with upward slow 364 phases. The slow-phase velocity of the spontaneous downbeat nystagmus was 365 considerably lower (Shaikh et al., 2009 ) than the peak slow-phase velocity of theupwards drifts during yaw rotations, however. It is thus unlikely that upward eye velocity 367 during yaw rotation is simply a superposition of the spontaneous downbeat nystagmus. 368 corresponding median values are illustrated in Figure 2A) . The values of mean VOR 494 gain along axes orthogonal to that of head rotations are illustrated in italics. 495 Table 3 . The summary of the decay time constants of the VOR responses. 496 Tables   498   Table 1 Cranial MRI in ataxia-telangiectasia. Neuroradiology. 37:77-82, 1995.
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